Abstract -This letter focuses on the analysis of the spatio-temporal dynamics of charge domains in strongly coupled semiconductor superlattices with the Ohmic emitter and collector contacts. Our numerical simulations, based on the semiclassical approximation of the electron transport, show that the collector doping can dramatically affect the charge dynamics in the semiconductor structure and, therefore, the output AC power. We demonstrate that the appropriately chosen doping of the collector contacts can considerably increase the power of the generated signal.
Introduction. -The development of the compact devices for the generation, amplification and detection of THz radiation is of utmost importance for many areas of science and technology [1, 2] . One of the promising approaches in this development is the use of nano-and micro-structures, which include high-frequency transferred-electron devices (TEDs), solid-state lasers and other semiconductor heterostructures [3] .
The recent advances in the crystal-growth technologies enabled high-precision control of the properties of the heterostructures, which significantly improved the performance of the semiconductor devices [4] . This promoted the research aimed to optimize the devices design in order to achieve the maximal output of AC power in sub-THz and THz frequency ranges [5, 6] . For example, some TEDs, e.g. the Gunn diodes, with the linearly graded doping profiles were shown to demonstrate a better performance as compared to the devices with a uniform doping [7] . A more complicated configuration of the doping densities may contain a notch, caused, e.g., by a thin undoped epitaxial layer between the heavily n-type doped cathode contact and the uniformly n-type doped active transport region. It was found out that such doping profile can lead to a drastic increase of the output power [8] . Another way to improve the characteristics of the Gunn devices is associated with controlling the injection current through the emitter contact. As is shown in ref. [8] , the InP Gunn devices with InGaAsP cathode injectors are more efficient in the generation of signals with frequencies up to 200 GHz than similar devices with Ohmic contacts.
We consider another class of TEDs, namely strongly coupled (miniband) semiconductor superlattices [9] . These structures are now of great research interest from the viewpoint of the prospective application for the microwave generation and amplification in a sub-THz/THz frequency range [10] [11] [12] [13] . The high-frequency characteristics of the superlattices are determined by both high mobility of the miniband electrons and THz Bloch oscillations, which can be realised in the device. In addition, a high enough electric field applied to the superlattice can lead to a spatio-temporal instability [14] , which results in the formation of the areas with high electron density (the charge domains) propagating along the superlattice [15, 16] . It was shown that the moving charge domains are able to generate current oscillations with the frequency up to several hundred GHz [17] .
The interest in the practical applications of SLs in subTHz/THz electronics gave rise to the diverse research activity related to the effects of the external and parasitic circuits, fields, contacts, and load lines on charge transport 47007-p1 in SLs [18] [19] [20] . In refs. [21] [22] [23] it was demonstrated that a tilted magnetic field applied to a miniband SL significantly modifies the IV curves of the devices and enhance both the power and frequency of the generated current oscillations. The possibility to control the charge transport properties of the SL and Gunn devices by manipulation of the emitter boundary condition was discussed in [24, 25] . The effects of the doping in the transport region on DC current and electric stability in miniband SLs according to the conventional NL criterion [26, 27] were theoretically studied in [28] . Nevertheless, the influence of the contacts properties on the high-frequency current generation in SLs is still poorly understood.
In this paper we study the collective spatio-temporal dynamics of the charge carriers in the GaAs-AlGaAs semiconductor superlattice with the Ohmic emitter and collector. In particular, we investigate how the collector doping density affects the output power of sub-THz current oscillations in the semiconductor superlattices.
Model for space-charge dynamics. -The charge transport in the strongly coupled semiconductor superlattices can be considered within a semiclassical approximation [21, 29] . With this, the collective charge dynamics can be described using a self-consistent set of the current continuity equation
and Poisson equation
Here J(x, t), n(x, t), and φ(x, t) are the spatial distributions of the current density, the volume electron density and the electric potential, respectively; x is the spatial coordinate along the superlattice, and t is the time. Parameter e indicates the electron charge, ǫ 0 and ǫ r =12.5arethe absolute and relative permittivities, respectively; n 0 is the n-type doping density, which is equal to
for the transport region of the semiconductor structure, and to n * C =1× 10 23 m −3 for the contact regions. It is assumed that interminiband tunnelling can be neglected.
Within the drift approximation [30] , the current density in the semiconductor structure is given by
where F (x, t)=−∂φ(x, t)/∂x is the electric field along the superlattice, ∆ = 19.1 meV is the miniband width, τ SL = 250 fs is the scattering time, δ =0 .12 is a correction coefficient reflecting the contribution of elastic and inelastic scattering events [22] , d =8.3nm-period of the superlattice. In the region of the Ohmic emitter and collector the current density J C is defined according to the Drude model [31] 
where τ C = 90 fs [32] is the scattering time of the contact material, m * =0 .067m e is the effective mass of the electron. The applied voltage is the global constraint, which is defined by
where the integration is performed over all the system length L SL = L +2L c .H e r eL is the superlattice transport region length and L c = 50 nm is the length of the emitter and collector contacts. The schematic diagram of the semiconductor superlattice with the Ohmic contacts is shown in fig. 1(a) . The functions φ c1 (x), φ SL (x), and φ c2 (x) correspond to the spatial distributions of the potential along the emitter contact, of the transport region and of the collector contact, respectively. The parameters d and A are the period and the cross-sectional area of the semiconductor structure.
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In our calculations we use the following boundary conditions:
where
, and J SL (L)arethedensit y of the current through the left edge of the superlattice transport region, through the right edge of the emitter, through the left edge of the collector and through the right edge of the transport region, respectively. Figure 1 (b) illustrates a typical stationary spatial distribution of the electric field F (x) and of the normalised electron density. The dependences F (x)a n dn(x)/n D in the transport region are indicated by the dotted lines, whereas the same dependences for the contacts are shown by the solid lines. One can see that the equilibrium distribution F (x) in the contacts is highly homogeneous, which can be explained by the linear character of the contact conductivity defined by (4) . At the interface between the emitter and the transport region the significant difference between the electron drift velocities leads to the formation of the charge accumulation layer. At the same time, at the interface of the transport region and the collector, a charge depletion layer is formed. Below we show that such accumulation and the depletion layers play a crucial role in the nonequilibrium charge transport.
Effects of the collector doping on the highfrequency generation. -Using the model (1)-(9) we analyse the space-charge dynamics in the GaAs/AlGaAs superlattice with the parameters, which were used in our recent experimental works [22, 33, 34] . Figure 2 (a) depicts the dependence of the normalised power of the current oscillations P/P 0 upon the collector doping density n C and the length of the superlattice L. The power values P were normalised to the maximal power value P 0 observed within the ranges of n C and L represented in fig. 2(a) . In these calculations the emitter doping density remains constant and equal to n * C . The voltage applied to the superlattice was fixed at the value V = V * =0 .9V, for which the charge transport in the superlattice is associated with moving charge domains. The plot in fig. 2(a) demonstrates that the power of the generated current oscillations drops with the increase of the transport region length L.H o wever, there is the optimal collector doping density n C ,f o r which the power of the oscillations is maximal for the given L. For example, for L = L * = 100 nm (indicated by a dashed line in fig. 2(a) , which is close to the length of the superlattices used in recent experiments [22, 33] , the increase of the collector doping from n 1 C =3.0 × 10 22 m −3 to the optimal value n 2 C =1.0 × 10 23 m −3 evokes an eightfold increase of the generated AC power. With further growth of n C the oscillations power slowly decreases.
The IV curves calculated for different values of the collector doping density are illustrated in fig. 2(b) , where The results discussed above suggest that the collector doping density should have a significant effect of formation and dynamics of charge domains. In order to verify this we consider the dynamics of the spatio-temporal distribution of the electron density n(t, x) along the whole structure, including the emitter, the transport region and the collector (see fig. 1(a) ). Figures 3(a), (b) , and (c) present the dependences n(t, x)f o rL SL = L * and n C = n 1 C ,n 2 C ,a n d n 3 C , respectively. Black (white) colour corresponds to high (low) density of electrons. To provide additional illustration of the collective charge dynamics, in figs. 3(d) , (e), and (f) we show the log-scaled snapshots of n(x)f o r different time moments t during one period of currents oscillations. Each snapshot is represented by a curve designated by a number. The larger number correspond to the later moment of time. concentration of charge almost everywhere in the emitter remains constant, a domain of high charge concentration appears at the interface of the emitter contact and superlattice transport region (curve 1 in figs. 3(d), (e), (f)). The appearance of this charge domain is compensated by the generation of a depletion region inside collector contact. As the charge domain propagates along the transport region, the concentration of charge inside it grows causing the expanding of the depletion region in the collector (curves 2, 3 in figs. 3(d), (e), (f)). When the domain reaches the collector, it produces a sharp increase of the current, and another charge domain then forms near the emitter. This retrieves the depletion region in the collector (curves 4, 5 in figs. 3(d), (e), (f)), and the domain propagation process repeats producing the current oscillations, whose frequency ranges as 40-50 GHz for the model under consideration. Notably, the comparison of the graphs in fig. 3 points out that, if the change in the collector doping n C has almost no effect on the behaviour of the charge concentration in the emitter, it produces a dramatic impact on the dynamics of n(t, x) in the collector contact. For small n C = n 1 C =3 .0 × 10 22 m −3 (figs. 3(a), (d)) the depletion region can occupy the entire length of the collector contact (curves 3, 4 in fig. 3(d) ), which produces a large voltage drop along the collector and, as a result, small DC current and AC power generated. The increase of the collector doping up to n (f) ) narrows the depletion layer even to a greater extent. However, at the same time, it significantly reshapes the profile of the moving charge domains. As fig. 3(f) shows, in this case the profile n(x) demonstrates two maxima, which expands the domain width, and lowers the charge concentration inside the domain. The expansion of the moving domains increases the DC current through the SL, but low charge concentration inside the domain decreases the amplitude of the current oscillations, and thus the generated AC power.
Conclusion. -In conclusion, we have theoretically studied the influence of the collector doping density on the spatio-temporal charge dynamics in the strongly coupled semiconductor superlattice. Our results demonstrate that, although the collector doping has almost no effect on the charge distribution in the emitter region of the superlattice, it can dramatically affect the formation of the charge accumulation and depletion layers at the interfaces between the transport region and the contacts, and also the evolution of these layers in time. We show that while the increase of the collector doping leads, in general, to the increase of DC current through the superlattice, there is an optimal doping density which corresponds to the maximal AC power generated by the semiconductor superlattice of the given length. This suggests that, in order to maximise the AC power output of the semiconductor superlattice, the collector region should be appropriately doped. Since the model equations used in our study are applicable to different classes of TEDs, we believe that the results obtained can be useful in the design of a wide range of high-frequency semiconductor superlattices and Gunn diodes. * * * This work has been supported by the Russian Scientific Foundation (Grant 14-12-00222). VAM thanks "Dynasty Foundation" for the personal support.
